It has been known that the ability of the mechanical performance of skeletal muscles deteriorates with prolonged activity in terms of force production, shortening velocity and power output. This reduced ability of performance is called "fatigue," and has been defined in various ways. It is generally defined to be the state of the muscle in which force declines reversibly from the maximal ability with prolonged activation. Fatigue might be due to a failure anywhere along the path for the conduction of the information which finally produces the interaction of actin and myosin, such as ␣-motoneurons, the end-plate area, surface membrane of the muscle cell, transverse tubules, sarcoplasmic reticulum and cross-bridges. Among these possibilities, numerous studies have been done on isolated muscle preparations to determine the cause of fatigue within the muscle cell itself. Evidence has been presented to show that the decrease in mechanical performance during fatigue is due to insufficient activation of the contractile system [1] [2] [3] [4] [5] . Several possibilities can be thought of to account for this effect; for example, reduced sensitivity to Ca [6] [7] [8] , a decrease in the amount of Ca released from the sarcoplasmic reticulum [5, 7] , and the impairment of the inward spread of excitation into the muscle fiber [1, 9] . In the latter mechanism, the center of the fiber may not be activated by the propagated impulse during repeated stimulation.
the results obtained in experiments on skinned muscle fibers showed that the above-mentioned ATP hydrolysis products really affected both maximum shortening velocity and isometric force [8, 13] .
The present experiments have been performed to further elucidate the mechanism of muscle fatigue. The specific aim of this study has been to examine the effects of temperature on the fatigue induced by consecutive twitches or tetani in order to understand the mechanism of fatigue.
METHODS

Muscle fiber preparations and solutions.
All experiments were performed with single fast-muscle fibers (diameter 80-120 m) isolated from the tibialis anterior muscles of the frog, Rana japonica, as described previously [14] . The frogs were sacrificed by decapitation followed by destruction of the spinal cord. Small clips of aluminum foil [15] were tied to tendons on both sides (Fig. 1A) . These connectors were attached close to the fiber insertions, so that the length of tendinous tissue between the connector and the insertion was less than 0.1 mm. The Ringer solution had the following composition (mM): NaCl, 115; KCl, 2.0; CaCl 2 , 1.8; Na 2 HPO 4 -NaH 2 PO 4 , 2.0; and pH 7.0. In some experiments, caffeine (15 mM) was added to the Ringer solution for full activation of the fiber.
Experimental setup. The single-fiber preparation was mounted horizontally in an acrylic plastic chamber by hooking the connectors to a force transducer and a servomotor, respectively (Fig. 1B) . The chamber contained two parallel platinum plates on either side of the bath for the electrical stimulation. The fiber was stimulated by passing rectangular current pulses (0.2 ms duration) between two platinum plate electrodes that were placed symmetrically on either side of the fiber approximately 4 mm apart from each other. The stimulus strength was 30% above the threshold. A single pulse or a train of pulses was delivered to induce a twitch or a fused tetanus of 1 s in duration. The pulse frequency (18) (19) (20) (21) (22) (23) (24) (25) Hz at 2-5°C and 40-55 Hz at 15-20°C) during the tetanus was adjusted appropriately to obtain mechanical fusion under the various experimental conditions. The temperature of the circulating solution in the bath was controlled by a thermo-electric device (Coolnix, Yamato Kagaku Co.) and the solution was circulated through the chamber at a rate of 2 ml/min with a peristaltic pump. All the experiments were performed either at low temperatures (2-5°C) or high temperature (15-20°C) .
The sinusoidal length change (1 kHz, 0.1% of the resting fiber length) was applied to the preparation with a servomotor (G-100PD, General Scanning Inc. or Dual Mode Servo 300, Cambridge Technology) to measure the stiffness. The resulting force change created by the sinusoidal length change was taken as the relative stiffness. The force of the preparation was measured by a force transducer (AE801, Sensonor) with a compliance of 0.1 mm/N and a resonant frequency of about 5 kHz or by the feedback signal from the servomotor (Fig. 1C) . The force change was recorded with a digital oscilloscope (type 310, Nicolet). Sarcomere lengths of the fibers were measured at rest in the middle of the fiber by diffraction of He-Ne laser light and were adjusted to 2.2 m unless otherwise stated . The diffraction pattern was displayed on a screen 12 cm distant from the fibers (Fig. 1B) Each end of a fiber preparation (mf) was attached to the arm of a servomotor (sm) and force transducer (ft). Sarcomere spacing was measured by the laser (la) diffraction pattern on the screen (sc). C: Diagram of the electronic circuit to drive the servomotor (sm) and monitor muscle length and force. Force change was measured by the electronic circuit of the motor-controller or by the force transducer, to which the fiber end was attached.
length except for the end regions.
RESULTS
The effect of fatigue by twitch on force at low and high temperatures The change in force over time by successive twitch stimulation was measured at the low ( Fig. 2A ) and high temperatures (Fig. 2B) . The interval of each stimulus was changed in the range of 1-10 s at both temperatures. After the stimulation was started, the decrease in force was initially rapid and then gradual (negative staircase) at low temperatures, while the initial rapid decrease was followed by a gradual increase (positive staircase) at high temperatures. When the stimulus interval was 1 s, this positive staircase gradually disappeared and the force again started to decrease. It was noted that the fatigue by twitch was marked at low temperatures, especially during stimulation with short intervals, such as being 10% of the initial force at 10 min after the start of stimulation, while at high temperatures, an even positive staircase, as mentioned above, was observed. In Fig. 2C , one example of the record in which 1-s tetani were superimposed in the course of twitch stimulation is shown.
The shortening velocity was measured in these tetani (see below).
The effect of fatigue by tetanus on force at low and high temperatures
The change in force over time with successive tetanic stimulation was measured at the low (Fig. 3A ) and high temperatures (Fig. 3B) . The interval between the stimulation was changed in the range between 30 s and 5 min for both temperature ranges. At low temperatures, tetanic force was steady after a slight decrease in the first several contractions at the intervals of 2.5 and 5 min, but at shorter intervals, the force continued to decrease. At the interval of 30 s, the force decreased to 50% of the initial force after 20 min.
At high temperatures, the decrease in force in the successive contractions appeared sooner and more marked than at low temperatures, the force being reduced to less than 10% of the initial force at 20 min at the interval of 30 s. By comparing force responses at both temperatures, fatigue by tetanus is more marked at higher temperature. 
The time course of force developed in twitch and tetanus in fatigued fibers
The time courses of the force development and decay in each twitch and tetanus in fatigued fibers were compared with those in the control at the low and high temperatures (Fig. 4) . A reduction in force was observed for both twitch ( Fig. 4A and B) and tetanus ( Fig. 4C and D) as shown in Figs. 2 and 3. In fatigue caused by twitches, the rate of declining force was slowed at low temperatures, while both the rate of rise and fall were slowed at high temperatures. In fatigue caused by tetanus, the decrease in the rate of decline was observed at low temperatures, while at high temperatures, the force reached at a constant level sooner and decayed more slowly in the fatigued fiber.
Force development by caffeine in fatigued fibers
Caffeine is known to release calcium directly from the sarcoplasmic reticulum leading to force development. If fatigue is induced by impairing some mechanism in the excitation-contraction coupling, the force induced by caffeine may not be affected. In fatigue caused by the repeated twitches shown in Fig. 5 , in which tetanic contractions were interposed, force was reduced significantly at 15 min after the start of stimulation in both twitches and tetani in both temperature ranges. When 15 mM caffeine was applied, the muscle developed much larger force than the fatigued twitch and tetanus force at both low and high temperatures. In contrast, in fatigue caused by repeated tetani ( In each panel, the lower is the force after fatigue and the higher is the one before fatigue. The fatigued force was recorded at 5 min in twitch and 10 min in tetanus after the start of consecutive stimulation. 5B), the force developed by 15 mM caffeine was nearly the same as that immediately before the application of caffeine and was also lower than the initial force in both temperature ranges, suggesting that the main cause of fatigue induced by twitch and tetanus might be different.
Length-force relation in fatigued fibers
The length-force relation was obtained by measuring the isometric force at different sarcomere lengths (Fig. 6 ). Initially the sarcomere length was set at 2.2 m by laser diffraction in the middle of the fiber and the isometric force was measured. Then, the preparation was stretched or released to a given muscle length and stimulated. The sarcomere length was calculated from the amplitude of the stretch or release from the initial muscle length. The force at each length was plotted by the relative value to the maximum force at the sarcomere length around 2.0-2.4 m. The typical results are shown in Fig. 6 . In the fatigue induced by successive twitches (2-s interval) at low temperature (Fig. 6A) , the descending limb was not significantly different from the control. In the ascending limb, however, there was a large difference between the fatigue and control. The force of the fatigued fiber was much lower than the control such that at the sarcomere length of 1.6 m, the fatigued force was less than 10 % of the maximum, while the control force was about 65%. At high temperature (Fig. 6B) , the difference mentioned above in the ascending limb was less noticeable than at low temperature.
In fatigue induced by successive tetani (30-s interval) (Fig. 6C, D) , the ascending limb was a little lower than the control in both temperature ranges but the difference was not as large as that of twitch-fatigue (Fig. 6A ). There was no noticeable difference between the fatigue and control in the descending limb in both temperature ranges.
Maximum shortening velocity measured by the slack-test
The effects of fatigue on maximum shortening velocity were examined by the "slack-test" method. The length steps of several amplitudes were applied to slack a fiber to zero force, and the time for the force to start to rise from the zero level was measured. In the example records in Fig. 7 , the amplitude of a length step was the same as in the control (Fig. 7A, C) and tetanus fatigue (Fig. 7B, D) but the time to start rising was longer for the fatigue (cf. lower traces in Fig. 7C  and D) , suggesting that the shortening velocity is slower in the fatigued fiber. The amplitudes of the length steps and corresponding time for the force rise were plotted, and the shortening velocity was obtained from the slope. The measurements were made on twitch-fatigued fibers (Fig. 8A) (2.5, 4 , and 5.5 s stimulation intervals) and tetanus-fatigued fibers (Fig. 8B) (20, 40, and 60 s stimulation intervals). The shortening velocity of the twitch-fatigued fibers was measured during tetanic contraction interposed in the course of repeated twitches (Fig. 2C) . The velocity, both in twitch-fatigued and tetanus-fatigued fibers, gradually deceased with the shorter interval of stimulation. The decrease was about 40% in twitch-fatigued fibers at the stimulation interval of 2.5 s and 30% in tetanus-fatigued fibers at the interval of 20 s as compared with the pre-fatigue value. Note that, in A, the force by caffeine is much higher than the twitch-fatigued force and the interposed tetanic force, while in B, the force by caffeine is nearly the same as that just before the application of caffeine.
DISCUSSION
In the study of fatigue in muscles, nearly every group uses its own stimulation scheme to analyze the mechanism of fatigue, which makes comparison among different experiments difficult. In recent years, some investigators have realized that the mechanism of fatigue would be different depending on the type of stimulation. Two general types of stimulation have been used so far: one is repeated twitch stimulation, and the other is repeated tetanic stimulation. The mechanism of fatigue cannot be separated simply by the type of stimulation, and the principal causes are proposed to be different in the above two types of stimulation by some authors [16] [17] [18] .
An understanding of the mechanism of the excitation-contraction coupling, especially concerning the transverse tubular system (T-tubular system), is of importance for the study of fatigue. The functional properties of the T-tubule membrane and their contribution to the action potential of the fiber have been discussed. Gage and Eisenberg [19] showed that action potential without contraction was recorded from a fiber in which the T-tubular system was disrupted and after-depolarization following action potential was absent after the disruption, suggesting that required an intact T-tubular system and its membrane might be excitable. Sugi and Ochi [20] and Sugi [21, 22] further indicated that some regenerating process participated in the inward spread of activation in frog fast-muscle, and that there was a mechanism in which the electrical current density causing depolarization of the T-tubule membrane was maximum at a point distant from the fiber surface.
In the present experiment, the high force developed by caffeine, which is generally thought to induce calcium release by acting directly upon the intracellular storage site, was observed after twitch fatigue (Fig. 5) . This fact suggests that the decrease in force by twitch is largely attributable to the failure of activation of the fiber. The evidence in support of this view was provided by other authors [4, 17, 23, 24] . Edman and Lou [17] showed histologically that, in fibers fatigued by high-frequency twitch stimulation, the most peripheral layers of myofibrils remained strained but the center of the fiber showed marked waviness, indicating the failure of the inward spread of activation into the center of the muscle fibers. In a twitch-fatigued fiber, frequent stimulation is likely to cause the accumulation of potassium in the T-tubules when the stimulation interval is too brief to restore the concentration of potassium in the tubular fluid if the regenerative action potentials conduct along the T-tubular system as discussed above. The increased concentration of potassium may lead to depolarization of the tubular membrane [25] and will impair the inward spread of action potential along the T-tubules.
It is possible to estimate the time for potassium to diffuse out of the T-tubules after a twitch if the electrical and dimensional parameters of the T-tubules are available and experimental results can be compared with estimated values. The volume to surface ratio of the T-tubules is 1.25ϫ10
Ϫ6 cm according to studies by electron microscopy [26, 27] . The electrical membrane capacity of the T-tubules is thought to be around 4 F/cm 2 [28] and the membrane is assumed to generate approximately the same amplitudes of action potential as that in the surface membrane. Using the above parameters, the concentration of potassium inside the T-tubles after single twitch is calculated to be 2.7 mM. The diffusion coefficient of potassium is 1.934ϫ10 Ϫ9 m 2 s Ϫ1 at 25°C at a concentration of 5 mM [29, 30] , from which the coefficient at each temperature is estimated by assuming that the coefficient is approximately proportional to the absolute temperature. The diffusion time is calculated by the equation Xϭ(Dt) 1/2 , where X, D and t are distance, diffusion coefficient and time, respectively. The calculated time for potassium of 2.7 mM to diffuse for the distance of 50 m is 1.40 s (0°C) and 1.30 s (20°C).
In the present results (Fig. 2) , twitch stimulation at the interval of 1 s induced marked fatigue at low and high temperatures in accordance with the above estimated values. Fatigue by twitch, however, was also induced by stimulation at intervals longer than 1 s at low temperatures, and this fact is not explained by the above estimation. It is probable that, in the above calculation, potassium is supposed to diffuse freely in water, but the diffusion in a muscle fiber may be slower than the estimated velocity because of the curved T-tubules and the existence of ions other than potassium in the saline. The results in Fig. 2 show that fatigue at high temperatures is less marked than that at low temperatures. The faster diffusion may contribute to the weaker twitch fatigue at high temperatures. But the difference in the diffusion time in both temperature ranges on calculation is not large, whereas the difference in the force development in fatigue in both temperature ranges is very obvious. This discrepancy is probably due to the "staircase phenomenon," that the gradual increase in twitch force appeared soon Muscle Fatigue after the start of stimulation at high temperatures and may obscure the fatigue induced by twitch at high temperatures.
The results of the length-force relation in a twitchfatigued fiber showing that the force on the ascending limb at low temperatures is lower than the control supplies additional evidence of the failure in activation during twitch fatigue (Fig. 6A) . As the volume of the muscle fiber is constant, the diameter of the fiber increases when the length shortens; therefore, it is probable that the diffusion of potassium out of the Ttubules takes more time when the diameter is larger and this enhances twitch fatigue at lower temperatures because of slower diffusion. For example, if the sarcomere length decreases from 2.3 to 1.6 m, the fiber radius increases from 50 to 60 m and the diffusion time at 0°C increases from 1.40 to 2.01 s on the calculation. This long diffusion time probably affects activation by twitch stimulation at the short sarcomere length, though some authors assume other mechanisms for the failure of the inward spread of activation [9, 31] .
The time course of each twitch in fatigue showed that the rate of decay was slower, especially at low temperatures (Fig. 4A) . The typical action potential in a skeletal muscle fiber is known to have what is called "after-depolarization," which is explained by the slow diffusion of potassium out of the T-tubules. Though in the present experiment the electrical phenomena were not measured, action potentials in twitch-fatigued fibers are supposed to have long after-depolarization, and it is probable that this depolarization might delay the decay of twitch force [3] . The maximum shortening velocity was shown to decrease in a twitch-fatigued fiber at low temperatures (Fig. 8) . In this situation, as discussed above, the central myofibrils of the fibers are thought not to be activated; therefore, it is possible that the central part may introduce an extraload during shortening and decrease maximum shortening velocity.
On the other hand, the main cause of fatigue by tetanus is thought not to be the failure of activation but the reduced kinetics of cross-bridge function, or so-called "myofibrillar fatigue" [16, 17] , which leads to reduced force production. This is indicated by the finding that the force developed by 15 mM caffeine was nearly the same as that immediately before the application of caffeine and was lower than the initial force (Fig. 5B) . This fact means that the contractile system was fully activated during tetanus fatigue and the further increase in calcium concentration by caffeine was not effective, and also suggests that stimulation leads to some metabolic changes within the muscle fiber that make myosin cross-bridges less capable of producing force. In confirmation of this view, the results in Fig. 3 demonstrate that the temperature-dependence of tetanus fatigue was contrary to that in twitch fatigue; namely, tetanus fatigue appeared sooner at the higher temperatures. At the higher temperatures, repeated tetani may lead to larger change in the concentration of intracellular substances; for example, reduction in phosphocreatine and ATP [2, 10, 32] , and accumulation of products of ATP hydrolysis such as ADP, Pi (phosphate) and H ϩ [11, 12] . These changes seem to bring about a decrease in the maximum shortening velocity (Fig. 8B ) in addition to the decrease in force (Fig. 3) because experiments on skinned muscle fibers have established certain correlations between functions and increased concentrations of ATP hydrolysis products, ADP, Pi and H ϩ . A lower pH has been shown to reduce both the maximum shortening velocity and maximum isometric force [13, 33] , and increased Pi also reduced the isometric force [8] . The combined action of these hydrolysis products is thought to induce more marked tetanus fatigue at higher temperatures.
